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ABSTRACT
Water scarcity is a major issue faced by both developed and developing countries.
According to the Millennium Development Goals set by the United Nations, the number
of people that do not have access to an improved water supply should be halved by the
year 2015. Rwanda is a Sub-Saharan developing country where water scarcity is an issue.
This thesis presents results from a preliminary evaluation of possible groundwater supply
to the village of Bisate, located in the Northern Province of Rwanda.
Suffering from the "walk for water", the Bisate community has to give up vital activities
such as school and agriculture in order to fetch water. During the dry season, the people
are obliged to go into the Volcanoes National Park to get water from springs and swamps,
disrupting the fragile ecosystem by the human activity. All these factors make it
important to provide water at the point of use. Since the region receives a considerable
amount of rain and the groundwater recharge rate is high (0.3 m/year), groundwater
supply could be a feasible alternative for the Bisate community.
For this thesis, three major tasks were achieved. First, a description of the park's
hydrogeology was developed based on previous studies and field observations. Second, a
calculation of the groundwater recharge using the Water Balance Method was completed.
And finally, a groundwater model was built using MODFLOW software. The aim of the
model is to estimate the depth to the water table.
The model results have shown that the water table could be as deep as 750 meters below
the ground surface of quite shallow depending on the model assumptions. According to
four trials, each with different boundary conditions and internal properties of the medium,
the results were found to depend upon the assumed hydraulic conductivity and the
boundary conditions. The strongest conclusion is that field investigations of the
groundwater system are needed to determine actual aquifer properties and field
conditions.
Thesis Supervisor: Peter Shanahan
Title: Senior Lecturer, Department of Civil and Environmental Engineering
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1 INTRODUCTION
1.1 Water Resources in Africa: Supply, Sanitation and Health
The available water resources in any region of the world determine the type of water supply. The
sanitation and human health are also closely related to the condition of the water resources. As a
result, any defect in the water supply network or inappropriate sanitation can lead to the spread
of mortal diseases. (WHO African Region, 2000)
The World Health Organization (WHO) and UNICEF Joint Monitoring Program for Water
Supply and Sanitation (JMP) have published in 2000 the Global Water Supply and Sanitation
Assessment 2000 Report (GWSSAR 2000). The figures presented in this report show that Africa
has lower total water supply coverage than any other region in the world. Only 62% of the
African population has access to safe water. This survey has been conducted on the
representative sample of ninety six percent of the total African population. The figures get worse
in rural areas where less than half the population (47%) has access to safe water whereas in
urban areas, a much larger fraction of the population is provided with treated water (85%). As for
sanitation, Africa has a low coverage with only Asia witnessing worse conditions. Barely 60% of
the African population has sanitation coverage with naturally lower coverage in rural areas
(45%) than in urban areas (84%). (WHO, UNICEF 2000)
The poor water supply and lack of proper sanitation has a drastic impact on the population in the
developing countries. Health hazards such as diarrhea, intestinal worms, trachoma,
schistosomiasis and arsenic-contaminated water are causing the death of millions all over the
world. These diseases can be controlled by enhancing the water supply system and achieving
better sanitation coverage. (WHO, UNICEF 2000)
The Second World Water Forum at The Hague (March 2000) found it imperative to set a list of
"indicative targets for water supply and sanitation coverage." These targets are part of the
Millennium Development Goals (MDG). They include (WHO, UNICEF 2000):
Reducing by half the percentage of population that does not have access to proper
sanitation by 2015.
* Reducing by half the percentage of population that does not have a sustainable access to
sufficient clean and safe water by 2015.
* Providing water, proper sanitation and hygiene for all by 2025.
In addition to the water-related MDG, other goals have been set by the United Nations (UN,
2007):
* Eradicating extreme poverty and hunger.
* Achieving a universal primary education.
* Promoting gender equality and empowering women.
* Reducing child mortality.
* Improving maternal health.
* Combating HIV/AIDS, malaria and other diseases.
* Ensuring environmental sustainability.
* Developing a global partnership for development.
The simplicity of the above goals had made them subject to many criticisms. Dividing the world
into two major categories is not realistic: people who "have" and people who "don't have." A
breakdown of facts and a better survey of each country's conditions are indeed needed.
A Mid-Term Assessment of Progress was performed by UNICEF and WHO in 2004. It presents
some important figures marking the progress of improved water supply and sanitation coverage.
In 2002, the world has achieved an amazing 82% access to improved water supply as opposed to
77% in 1990. This improvement is leading towards achieving the MDG target by 2015.
However, Sub-Saharan Africa is lagging behind the rest of the world. A minimum of 75%
coverage is needed by 2015 in order to meet the MDG target, but in 2002 Sub-Saharan Africa
had only 58% water supply coverage. It will require a decentralization of responsibilities and a
choice of level of services among the communities based on their willingness to pay in order to
be back on track. (WHO, UNICEF 2004)
Fortunately, the number of people getting access to improved water supply systems has been
increasing since 1990. In fact, 135 million African people have gained access to improved water
supply systems from 1990 until 2000 out of which 48 million are in rural areas. In total, 1.1
billion people lack access to improved water access in 2002. By 2015, 400 million people will
have to get access to improved water supplies in order to meet the MDG target. (WHO, UNICEF
2000)
Global sanitation has risen from 49% to 58% over a 12-year period (1990 to 2002). The
sanitation coverage in developing countries (49%) is half the coverage in developed countries
(98%), indicating the incredible gap between the two "worlds". In Sub-Saharan Africa, a mere
36% sanitation coverage is observed (2002 survey) (WHO, UNICEF 2004). The MDG target
will be met if 211 million urban people and 194 million rural people will obtain sanitation
coverage by 2015. (WHO, UNICEF 2000)
The major issue is the worldwide population growth. Even though many efforts have been made
to improve access to clean water and proper sanitation, the increasing number of people will
make it harder to achieve the MDG by 2015.
Africa Water Vision for 2005 is the most recent water initiative in Africa. Established as an
outcome to the Second World Water Forum (The Hague, 2000), it calls for a radical change in
approaching water-related problems in Africa and its ultimate goal is: "There is sustainable
access to safe and adequate water supply and sanitation to meet basic needs of all" (WHO
African Region, 2000).
The Africa Water Vision intends to implement a The Framework for Action. Its major activities
are four (WHO African Region, 2000):
* Strengthen governance of water resources.
* Improve water wisdom.
* Meet urgent water needs (MDG target).
* Strengthen the financial base for the desired water future.
Minimum cost estimates for implementing the Framework for Action in Africa are 20 billion
USD per year.
In addition to the Africa Water Vision initiative, other initiatives are of importance; e.g. the
Global Water Partnership established by the United Nations Development Program, the World
Bank and the water and sanitation (WES) program of UNICEF. (WHO African Region, 2000)
Finally, the future that lies ahead of the African continent depends solely on the countries'
initiatives. Backed up by nongovernmental organizations (NGOs) and international aid, the
governments should set their own goals and targets for a healthier world. (WHO African Region,
2000)
1.2 Overview of Rwanda
1.2.1 Geography and Location
Rwanda is a landlocked country located in Eastern Africa. It is bordered by the Democratic
Republic of Congo (DRC) to the west, Uganda to the north, Tanzania to the east and Burundi to
the south. Commonly referred to as "the land of a thousand hills," Rwanda covers 26,300 square
kilometers out of which 24,900 square kilometers are land. The climate is temperate with two
rainy seasons (February to April and November to January). Frost and snow are possible in the
mountainous areas. The minimum and maximum altitudes in the country are 950 m (Rusizi
River) and 4,519 m (Karisimbi Volcano). (CIA, 2006)
Figure 1 presents the map of Rwanda and its location with respect to neighboring countries.
Figure 1: Map of Rwanda (CIA, 2006)
The Rwandan population is 8.65 million inhabitants (CIA, 2006). This estimate takes into
account the high rate of mortality due to AIDS. The population growth rate is 2.4% and the life
expectancy is 47.3 years.
On the 6th of April 1994, Rwanda witnessed the start of a bloody genocide that lasted 100 days.
The country was devastated: 800,000 people were killed and most of the country's infrastructure
was destroyed. Despite the killing and the exile of many Rwandans, the country is the most
densely populated in Africa with 320 habitants per square kilometer and it ranks as 27th
worldwide. (Wikipedia, 2007 a)
Most Rwandans work in agriculture. The country is considered as poor since more than 60% of
the total population lives under the poverty line. (CIA, 2006)
1.2.2 Water Issues in Rwanda
1..1.1 Introduction
Although Rwanda is rich in surface and subsurface water, more than half the population has no
access to an improved water supply system. Nearly 85% of the currently used water sources are
believed to be contaminated. (UNICEF-GOR, WES 2001)
Unfortunately, Rwanda was amongst the highest water coverage countries in Africa prior to the
genocide despite that the water distribution system in 1994 was already thirty years old and was
in dire need of repair and rehabilitation. However, the majority of the systems were completely
destroyed during the genocide. The country received international humanitarian aid that was of
emergency nature; therefore, no sustainable or long-lasting solution was found to the water
coverage in Rwanda. (UNICEF-GOR, WES 2001)
Shortly after the genocide, a large number of Rwandans came back from the neighboring
countries where they were seeking shelter and safety. This additional population has exerted an
additional weight on the current water system making rehabilitation of the current systems and
the implementation of new water distribution networks crucial. The areas receiving the least
water coverage are the rural areas. (UNICEF-GOR, WES 2001)
According to a study done by La Mission Economique de Nairobi (Nairobi's Economic Mission)
in 2005, only 54% of the Rwandan population has access to improved water systems and only
44% in rural areas. In fact, 60% of the water sold by the public company Electrogaz is consumed
by the habitants of Kigali (essentially the water source is the Yanze River). The daily
consumption in rural areas is estimated to be 8.15 Liters (the international norm being 20 Liters).
The lack of adequate potable water in Rwanda causes multiple diseases (diarrhea, worms, etc.).
(La Mission Economique de Nairobi, 2005).
In 1998, the United Nations Children's Fund (UNICEF) declared that half of the Rwandan
households spent at least half an hour every day collecting a jerrican (20-liter container) of water
whereas one fourth of the population had to spend more than an hour collecting water every day.
This time-consuming "walk for water" has detrimental effects on the society, as will be
discussed further in this report.
The water sector suffers from an important lack of infrastructure. As stated in the UNICEF -
Government of Rwanda (GOR) Water and Environment Sanitation (WES) report in 2001, more
than one third of the existing water supply infrastructure is in need of rehabilitation. Major
investments are needed in order to ameliorate and extend the national water network, particularly
in Kigali where authorities are expecting a drastic increase in water demand (as high as 400
percent by 2010). The African Development Fund has already invested 18.72 million U.S.
dollars to treat and supply potable water in Rwandan rural areas. (La Mission Economique de
Nairobi, 2005)
The challenges that Rwanda faces vis-a-vis its increasingly high population growth have to be
soon resolved. It is currently on the right track since it has been listed among the countries that
are making a rapid improvement in drinking water supply. Between 1990 and 2002, Rwanda
increased by 26% the number of people getting access to safe drinking water (WHO, UNICEF
2004). The hopes are high since despite the tragic events of April 1994 and the excessive poverty
in the country, Rwanda has been able to increase access to drinking water and the government is
making constructive plans for the future (Refer to Section 1.1.1.3)
1.1.1.2 Water Resources
Rwandan territories contribute to the recharge of two large basins in Africa. The first is the Nile
basin that occupies 76% of the country's surface area and drains 10% of the total streamflow
from the country through the principal tributaries of Lake Victoria: Nyabarongo and Akagera.
The Akagera basin contributes as much as 10% of the Nile waters. In light of the rather small
area of Rwanda compared to other African countries that also contribute in feeding the Nile, (e.g.
Ethiopia and Sudan) the 10% supply is considered high. The second basin is the Congolese
basin. It occupies 24% of the country and drains 10% of the national waters from Lake Kivu to
Lake Tanganyika. (FAO, 2005)
Nearly 8% (2110 km2) of the Rwandan territory is covered with water. More than half this area
consists of lakes. Lake Kivu is the largest lake in Rwanda and it extends over Rwandan territory
as well as Congolese. It covers more than 80% of the total lake surface area. Rivers cover 72.6
km2 and the swamps and wetlands cover 770 km2. The swamps are the main water suppliers for
the rivers and lakes. (FAO, 2005)
In Rwanda, the surface water (lakes and rivers) is heavily charged with sediments which indicate
the prevalence of erosion in most parts of the country especially in the regions that witness the
highest amount of rainfall. (FAO, 2005)
The total surface area of swamps is 1650 km2 out of which 530 km2 form the primary network
(Mwogo, Nyabarongo, Akanyaru, Akagera) and 1120 km2 form secondary hydrographic
networks (small and medium swamps and wetlands). With the exception of Akagera Park, none
of the swamps are protected; however, five swamps have been classified as crucial for
biodiversity and have been protected under the Ramsar Convention. (FAO, 2005)
Groundwater is an unexplored water resource in Rwanda. However, some drilling projects have
been conducted all over the country and especially in the Eastern Province. Poor water
management and a lack of reliable information in the water sector have made it impossible to
keep track of the exploited groundwater resources in Rwanda. Moreover, the lack of vegetated
soil cover causes significant erosion in the country and does not encourage normal recharge in
the aquifers. (FAO, 2005)
As for Rwanda's water withdrawals, the joint country profile prepared by Aquastat and FAO
states that during 2000, 150 million cubic meters were used. Sixty-eight percent of the water
usage goes for agricultural purposes, whereas 24% and 8% of the water are used by the domestic
and industry sectors respectively. (FAO, 2005)
1.1.1.3 Governmental Strategies
The government of Rwanda is elaborating a new water distribution policy for more sustainable
and effective management of the resource. The main aim of this new policy is to decentralize the
management of water. Each Rwandan district is responsible for its own water coverage.
Nevertheless, decentralization is suffering from a lack of financial means and qualified
personnel. As a result, the government is hoping to engage the private sector in the
decentralization process. So far, private sector intervention has been limited to two international
firms involved in the management of the water infrastructure: one for rural regions and the other
for the management of Electrogaz. (La Mission Economique de Nairobi, 2005)
Established in 1976, Electrogaz is a public company that is responsible for the production,
transportation, commercialization and distribution of water, electricity and gas in Rwanda. Its
annual production of electricity is 210 MWh and its annual production of water is 14 million
cubic meters. The company employs 1,500 people and has approximately 70,000 clients in the
country. Despite the rehabilitation of certain installations, the water and electricity networks are
dilapidated. More than 78% of the water conduits are over 20 years old which results in serious
leakage as high as 50%. (La Mission Economique de Nairobi, 2005)
In order to reduce financial losses, the Rwandan government has decided to privatize Electrogaz.
However, the government has to upgrade the financial status of the company in order to attract
the private sector. The privatization of Electrogaz consists of a management contract in the short
term, followed by a concession in the long run. The separation of Electrogaz into two firms (one
for the management of water and the other for the management of electricity in Rwanda) is
highly probable in the near future. (La Mission Economique de Nairobi, 2005)
In September 2003, the government of Rwanda decided to entrust the German group, Lahmeyer
International, with the management of Electrogaz for a period of five years. Lahmeyer must help
Electrogaz become a profitable company at the end of that period, leading to privatization. Also,
Lahmeyer is required to update the water and electricity distribution systems. During the five-
year period, Lahmeyer has to reduce the losses in water and electricity and to enhance the water
coverage systems; in brief, Lahmeyer must enhance the access of the population to water and
electricity. The long-term objectives of privatization are an increase in the number of people
connected to the water network and service improvement. In order to meet those objectives, the
whole water system in Rwanda has to be rehabilitated. (La Mission Economique de Nairobi,
2005)
According to the Rwandan Ministry of Land, Environment, Forests, Water and Mines, the
contribution of the private sector should be soon put into practice. The new policy encourages
the participation of the private sector in the mobilization of investments, development, and
cleansing and management of water infrastructure. (La Mission Economique de Nairobi, 2005)
.1.1.4 Future Perspectives for Irrigation and Water Supply
During the civil war in 1994, the hydraulic infrastructure in the country was seriously damaged.
Much action is needed for the rehabilitation and redevelopment of the water sector (FAO, 2005):
* An inventory of the damage, aiming to launch repair investments.
* An awareness campaign for the rural population about the implemented water supply
system.
* The irrigation and layout of more than 2,000 hectares in the region of Mutara, in the
northeast of the country, for the production of rice and soy bean.
* The preparation and implementation of an irrigation plan for 1,000 hectares in the natural
region of Bugesera in the southeast of the country.
* The completion of drainage and management studies of the swamps in Nyabarongo and
Akanyaru rivers.
* The drainage and irrigation of all small swamps of the country.
* Training in technical fields of planning and management in the water sector.
* Development of a better data recording system.
* The completion of a global plan for water resources management.
* The implementation of a solid legal system for better management of water resources.
The above plan is a constructive first step for the implementation of a reliable, sustainable water
network in Rwanda.
The UNICEF-GOR WES Programme had for its goal to "contribute to child survival through the
provision of improved access to safe water, hygiene, and environmental sanitation services
especially in the rural areas" (UNICEF-GOR, WES 2001). In a joint effort between the two
entities, the following objectives were sought:
* Increase the rural water access from an actual 45% to 60%.
* Increase the use of hygienic latrines from 0.8% to 6% in the rural areas.
* Ensure that a minimum of 25% of WES systems are managed by technical staff (called
Regies).
* Ensure that a minimum of 25% of the rural population has access to 10 liters per capita
per day of clean water.
* Ensure that the whole rural community has access to hand washing facilities at all
hygienic latrines.
* Ensure that at least 25% of the rural community has a catchment protection, an
appropriate disposal of solid and liquid waste as well as an improved system of latrines.
* Follow up the progress by setting up an institution that monitors the implementation of
the above steps.
Between 1998 and 2000, the above targets should have been met. The UNICEF-GOR joint report
in 2001 is an evaluation of the progress made in the rural communities. Encouraging progress
has been made in the amelioration of the rural water coverage and sanitation. However, a set of
initiatives has to be undertaken by the government especially within the context of a national
policy for WES. A thorough monitoring and management of the water coverage and sanitation is
also a must for the improvement of health and safety in the country. (UNICEF-GOR, WES 2001)
1.2.3 Northern Province Cell: Bisate
Located at the entrance of the Volcanoes National Park (VNP), Bisate is referred to as a "cell"
within the District of Kinigi located in the Northern Province of the country. Figure 2 shows the
location of Bisate in the northeastern part of the country.
A severe lack of access to an improved water system in Bisate has led to water-borne diseases
such as diarrhea and worms. As witnessed during fieldwork at Bisate Clinic, a large number of
people, especially children, were suffering from the poor conditions and the absence of adequate
medical care. During the dry season, the main water tap installed by the company Electrogaz
does not meet the community daily needs of water. The people find it imperative to search for
their own water supply which drives them to the VNP.
The VNP is a diverse and fragile ecosystem that provides a natural shelter for the mountain
gorillas. The human activity in the park has a negative impact on the gorillas. Deadly diseases
such as the human immunodeficiency virus (HIV) have spread and are unfortunately adversely
affecting the mountain gorillas. According to the USDA Assistance Trip (Gurreiri et al., 2005),
regional contact springs which could provide an alternative to fetching water from the VNP are
found in the valleys. Apparently, this option is not appealing to the villagers since the springs are
located very far from the households and require an enormous amount of time to get water.
Recently, an implementation of new plastic and metal water tanks for rainwater collection has
been made by a nongovernmental organization (NGO), specifically by the Dian Fossey Gorilla
Fund International (DFGFI). These water tanks collecting water from the schools and churches
roofs help the community to store water for the dry seasons.
Figure 2: Bisate map (modified from Rwanyiziri et al., 2006)
1.3 The Dian Fossey Gorilla Fund International
This section has been written in collaboration with Kelly Doyle and Daria Cresti.
The Dian Fossey Gorilla Fund International (DFGFI) is a non-profit organization created in 1978
dedicated to the conservation and protection of the endangered mountain gorillas and their
habitat in Africa. They promote continued research on both the gorillas and the ecosystems in
which they live (DFGFI, 2006). Named after the late Dr. Dian Fossey, the foundation is
committed to keeping her passion and love of primates strong. In addition to supporting
research, the foundation also provides educational assistance to local communities and supports
economic development initiatives. The Fund has been instrumental in protecting the critically
endangered mountain gorillas since Dian's tragic death in 1984. Thanks to the efforts of the
DFGFI, the gorillas remained protected from the horrors of the 1994 genocide. The tourism
industry relies heavily on the animals to attract wealthy foreign tourists to the poverty stricken
region.
The DFGFI supports many kinds of research in an effort to promote understanding and
conservation. Their research includes: monitoring and protection of the gorillas in Volcanoes
National Park, dissemination of knowledge to promote common gorilla monitoring protocols,
collection of demographic data in collaboration with local universities, financial support of small
scale development activities in local communities, training of rangers and trackers, GIS data
collection, and collaboration with local conservation groups (DFGFI, 2006). Through their
research efforts, scientists at the Fund have discovered that many of the gorillas carry the same
intestinal parasites as local people, indicating that human interaction with the gorillas has adverse
effects on the gorillas' health (Lilly, 2006). The primary cause for the human-gorilla interaction
is the scarcity of water in the region, as previously discussed.
Originally opened in 1967, the Karisoke Research Center is the main hub of gorilla research.
Scientists study and track the 380 remaining mountain gorillas (DFGFI, 2006). Although the
research center was destroyed in the genocide, research continues from a project house in
Ruhengeri, about a 30-minute drive from the VNP.
The gorilla fund contacted MIT requesting assistance in developing a sustainable water system
for villages in the Bisate Sector.
1.4 Thesis Objectives
This thesis focuses on the development of groundwater resources for supplying the rural village
of Bisate with safe drinking water. Locating the water table in such a volcanic area is both
challenging and difficult. Due to the poor management of water systems and the lack of in-depth
studies of the region, the groundwater in the VNP has not been exploited yet. Three major issues
will be discussed throughout this document:
1. Description of the geology in the VNP region.
2. Computation of the groundwater recharge rate using the available rainfall data.
3. Building a groundwater model that helps in determining the depth to the water table.
If explored carefully, the groundwater could be an effective and feasible solution to the Bisate
community.
2 VOLCANOES NATIONAL PARK: A FRAGILE ENVIRONMENT
2.1 Location and History
According to a report published by the United Nations Environment Programme (UNEP) and the
World Conservation Monitoring Centre (WCMC), the Volcanoes National Park (VNP) in
Rwanda is about 15 km to the northwest of Ruhengeri in the Virunga Mountains (North Province
of Rwanda). It also borders the Democratic Republic of Congo and Uganda (1021'-1o 35'S,
29022' - 290 44'E). (UNEP-WCMC, 1985b)
A part of the VNP was protected in 1925. The Albert National Park included the whole
volcanoes area (in DRC, Uganda and Rwanda) and was established in 1929. The park was
divided in 1960 as soon as the Congo became independent.
After the independence of Rwanda in 1962, the management of the VNP was assigned to the
Direction of Water Resources and Forests within the Ministry of Agriculture (MINAGRI)
(Rwanyiziri et al., 2006). The current protection of the Volcanoes National Park is under the
Decree of 24 April 1974 and the VNP has been classified as a World Heritage Site because of its
internationally known biological and cultural diversity. In 1983, the park was designated as a
Biosphere Reserve by UNESCO. Biosphere reserves are created in order to "promote and
demonstrate a balanced relationship between humans and the biosphere." (Wikipedia, 2007 b)
Usually, an area of 770 km2 is used to refer to the entire Albert National Park (the whole area
combined in the three countries). The Biosphere Reserve, however, covers only 150 km2 of the
total park area and is located in Rwanda. (UNEP-WCMC, 1985b)
The length of the VNP in Rwanda is estimated to be 40 km and its width varies between 8 km
(eastern part) and less than 1 km (central part). Its area is approximately 160 km2 distributed
between the province of Ruhengeri (85%) and Gisenyi (15%). The park periphery passes through
the districts of Bukamba, Kinigi, Mutobo and Buhoma located in Ruhengeri Province and
through the district of Mutara in Gisenyi Province (Rwanyiziri et al., 2006). The VNP is
contiguous to Virunga National Park in DRC and the Gorilla Game Reserve in Uganda (UNEP-
WCMC, 1985b).
The Virunga Volcanoes Region has no specific demarcation of its internal boundaries even
though it occupies the territory of three countries. The animals are transient between DRC,
Uganda and Rwanda. The most notable animal species living in the Virunga National Park is the
endangered mountain gorilla. The worldwide population of mountain gorillas is approximately
600 animals. Half of these mountain gorillas live in the Virunga Volcanoes Region; the other
half is found in Bwindi Impenetrable National Park in Uganda. (UNEP-WCMC, 1985b)
At the local level, the VNP is considered a tremendous source of water for the region
surrounding the park. The forests are at the origin of the surface and groundwater resources
found at the park boundaries. The population living at the park boundary uses the park's water,
especially during the dry season, for domestic use. (Rwanyiziri et al., 2006)
At the national and international levels, the park is the principal tourist attraction of the country.
The endangered mountain gorillas, strongly protected by Dian Fossey in the 1980's, have drawn
the attention of many adventurers from all over the world. The peak tourist activity was reached
in 2003, when 7,000 people visited the VNP. (Rwanyiziri et al., 2006)
In 1994, 700,000 refugees fled the Rwandan genocide and settled in DRC. The refugees were
located in five camps on the border with the Virunga National Park. The effects of the genocide
on nature conservation were drastic. The location of the camps near a natural reserve was a
serious violation of the United Nations High Commissioner for Refugees (UNHCR) policy,
forbidding the establishment of camps within 150 km of a protected area boundary. However, for
humanitarian purposes, the UNHCR acted against its own policy because many of the refugees
were perishing and had no other place to go. The presence of the refugees had negative impacts
on the park. The lives of the animals were directly threatened by the activities carried out by the
refugees in the neighboring camps. (UNEP-WCMC, 1985a)
Nowadays, the VNP is under the authority of a Rwandan governmental institution. The Rwandan
Office of Tourism and National Parks (Office Rwandais du Tourisme et des Parcs Nationaux) is
the only institution that is responsible of the management of the VNP. The NGOs working for
nature protection and development promotion can only act under the supervision of ORTPN.
(Rwanyiziri et al., 2006)
2.2 Demography, Water Infrastructure and Illegal Activities in VNP
The reinforcement of the park conservation strategies requires an in-depth study of the socio-
economic situation along the park boundaries. In this thesis, an overview of the demography,
water infrastructure and actual illegal activities is presented. Each of these four social and
economic characteristics is important in the context of this thesis.
2.2.1 Demography
The demographic growth around the national park has a direct effect on water resources and their
availability. In fact, the higher is the population, the higher is the water demand. Over the past
few years, the surveys have shown that the Ruhengeri and Gisenyi provinces are the most
densely populated in the country. In 2002, Ruhengeri had a total population of 885,300 and
Gisenyi of 854,000. The increase in population in the two provinces since 1991 is 13% and 15%
for Ruhengeri and Gisenyi respectively. The increase would have been even greater had it not
been for the genocide in April 1994. A large number of people fled the country and the regions
located at the periphery of the VNP, crossing the border to the DRC and Uganda. (Rwanyiziri et
al., 2006)
Table 1 shows the gathered demographic data in 2002 and is adopted from the Ministry of
Finance and Economic Planning (MINECOFIN). (Rwanyiziri et al., 2006)
Table 1: Total
al., 2006)
Population and Population Densities at the VNP Periphery (Rwanyiziri et
District Total Total Area of Habitable Area Population
Population District (km2) (km2) Density
(2002) (capita/km2)
Buhoma 89,210 154.5 144.1 619.1
Bukamba 118,466 185.1 145.8 812.6
Kinigi 62,798 162 110.1 570.2
Mutobo 97,180 189.3 141.8 685.2
City of Ruhengeri 71,511 63.2 63.2 1,131.3
Mutura 122,934 201.7 167.3 734.9
Average 955.8 772.3 758.8
The discrepancy between the different population densities in neighboring districts is due to
living conditions. For example, the city of Ruhengeri has job opportunities, water resources such
as springs and wells established by the company Electrogaz, and a fertile soil. It is expected to
find a higher population established in this city than other districts (such as Kinigi) where even
major human needs such as water access and appropriate latrines are not met.
2.2.2 Water Infrastructure
The consequences of the 1994 war have been dramatic on the water infrastructure near the VNP.
In fact, most of the pipelines, tanks and fountains have been destroyed. Governmental and
international efforts have been made to restore these water sources for the VNP community but
the water problem persists. Even though the rainfall witnessed in this area is one of the highest in
the country (1,500 mm per year), the population at the periphery of the VNP has to undergo a
"walk for water". Table 2 gives information related to the percentage of households having
access to non-improved water sources, the average consumption of water per person per day and
the "walk for water" distance from the households. (Rwanyiziri et al., 2006)
Table 2: Water Facts in the VNP Periphery (Rwanyiziri et al., 2006)
District Percentage of Average Distance from
households having consumption household to water
access to a non- per person per day source
improved water (Liters) (km)
system
Buhoma 42.5 7 2
Bukamba 57 6 8.7
Kinigi 40.3 6 4.4
Mutobo 49.9 6 3.2
City of Ruhengeri 17.2 7 1.4
Mutura 50 6 5
Total 42.8 6.3 4.1
Standard (WHO, 2005) 0 15 0.5
Far from meeting the WHO standards (WHO, 2005), the water coverage near the VNP is one of
the poorest in the north province. As shown in Figure 3, the periphery of the VNP has the fewest
water sources and those available are unimproved water supply systems.
Figure 3: Current water coverage situation in the VNP (modified from Rwanyiziri et al., 2006)
2.2.3 Illegal Activities
The major illegal activities are poaching, illegal cultivation or land use, harvesting bamboo,
water fetching from protected zones in the VNP, bee-keeping, and medicinal plant harvesting.
The main issue addressed in this report is fetching water from the VNP.
In its annual report in 2004, the ORTPN/VNP issued a set of statistics that summarizes the illegal
activities within the vicinity of the park. A total of 3,320 "seen" people accessed illegally the
VNP to fetch water (Rwanyiziri et al., 2006). This rather high level of prohibited activity that
disturbs the fragile ecosystem of the VNP has become a concern over the past few years. The
DFGFI has started to implement a certain number of water tanks in the villages in order to
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2.3 Bisate cell: Water Problems and Concerns
Bisate, as presented in section 1.2.3, is a small village located at the periphery of the VNP. The
water problems that it encounters are very similar to those of neighboring villages. In these
recent years, Bisate has been witnessing more favorable conditions than its surroundings. The
DFGFI has helped the community of Bisate financially and technically in building water storage
tanks. In addition to the main water tap provided to the village by the company Electrogaz, the
rainwater harvesting technique has helped the people store water for the dry season. It is
important to say that the main water tap does not provide a continuous water supply all year
long. As a matter of fact, visiting Bisate after three dry days has revealed that no water was
available to the community through the Electrogaz water tap. Therefore, an alternative supply
should be considered.
The main water tap of Bisate and a water tank donated by the ORTPN are shown in Figure 4 and
Figure 5 respectively.
Figure 4: Children fetching water from Bisate main water tap
Figure 5: ORTPN water tank
The main community water tap is fed by the Bushokoro source located inside the VNP.
Bushokoro is a pond that collects runoff from the park. From there, the water is transported
through pipelines to a big concrete water storage tank located right outside the park. The water
reaches the main water tap in the village by gravity flow. The availability of the water is highly
dependent on the maintenance of these pipes. Any leakage or broken pipes could lead to a long
period of water unavailability.
Some households in Bisate, mainly the gorilla trackers' house, get their water from Bunyenyeri.
Unlike Bushokoro, this source is a groundwater source (spring) and according to the trackers, it
"tastes better" than Electrogaz tap water.
In addition to the water scarcity problems faced during the dry season, the high permeability of
the volcanic rocks makes it difficult to take advantage of the surface water. Soon after it rains,
the water "disappears," as most of the people in Bisate complained. The high turbidity of the
surface water is also an issue. Even surface water collecting ponds are not feasible since the
turbidity is higher than 1000 NTU after a storm (based on a sample taken from the ground runoff
behind Bisate clinic).
Despite all the efforts for increasing the water coverage, the people in Bisate are still accessing
the park to get water. During our fieldwork in January 2007, the local people have admitted that
their desperate conditions during the dry season drive them to the park to fetch water.
As already discussed, this thesis will consider groundwater extraction based on an analysis using
a model that describes the groundwater flow. Mainly, the depth to groundwater will be
approximated as a way to study the feasibility of digging wells at the park boundary and to
provide the Bisate community with water all year long.
3 GROUNDWATER EXTRACTION TECHNINQUES IN DEVELOPING
COUNTRIES: CASE OF VNP, RWANDA
3.1 General Background about Groundwater in Developing Countries
Despite the fact that 97% of the total freshwater (excluding glaciers) is stored in underground
systems, people tend to underestimate the importance of groundwater. Since it is "unseen" and
"far below the ground", this mysterious source of water have been neglected. Providing drinking
water supply to more than 1.5 billion people, groundwater is an essential component in meeting
the future MDG (check page 9).
Groundwater is easily compared to a storage tank. It stores water for drought in a natural
environment under the ground. The quality of water encountered in underground systems is often
better compared to surface water since it is protected by the different soil layers. However, once
groundwater gets contaminated, it becomes extremely hard to treat. The source should be then
well managed and protected (MacDonald et al., 2005). Usually, a well drilled beside a fresh
surface water source (e.g. a spring) is the most desirable alternative. (Cairncross et al., 2003)
In developing countries, poverty and poor water infrastructure impose hard conditions upon the
population. Therefore, a reliable source of water requiring the minimum amount of treatment
should be available. With the ability to pump out tremendous amounts of water from aquifers
with sufficient yield, groundwater is an ideal solution for water scarcity in developing countries.
MacDonald et al. (2005) listed the advantages of this technique along with its limitations. These
are presented in Table 3 below.
Table 3: Advantages and limitations of groundwater extraction (MacDonald et al., 2005)
Advantages Limitations
Groundwater is often available near the point Locating the water table and an appropriate
of use. site could need extensive efforts and funds.
High water quality is found. The water needs New constraints are emerging regarding
little or no treatment for drinking purposes. natural water quality.
Table 3 (Cont'd): Advantages and limitations of groundwater extraction (MacDonald et al.,
2005)
Advantages Limitations
Groundwater is protected by the soil layer and Human and animal activities at the well
the vadose zone. vicinity can increase the probability of
contamination or pollution of the
groundwater.
Groundwater extraction systems can be Once the overall water coverage increases,
developed relatively cheaply and require less the remote areas to the wells will be costly to
capital investment than numerous surface supply.
water supply systems.
3.2 Groundwater Sources and Extraction Techniques in Developing Countries
Groundwater is accessed through drilling boreholes or even fetching water from springs.
Horizontal boreholes also exist. Depending on the nature of the groundwater source and its
hydrogeological characteristics, the method of extraction is determined. Discussed below are the
most put-into-practice groundwater extraction techniques: springs, hand-dug wells and
boreholes. (MacDonald et al., 2005)
3.2.1 Springs
Natural emergence of groundwater above the land surface is called a spring. The different
relationships between the rock formations (e.g. layering of permeable and impermeable rocks,
the presence of faults as well as the depth of the water table) facilitate the path of groundwater to
the surface (MacDonald et al., 2005). The impervious soil layer that usually forces the water to
come out to the surface should be cautiously drilled while excavating for the foundations of a
spring box. Otherwise, a risk of water loss due to infiltration or movement of the spring downhill
is faced (Cairncross et al., 2003).
When having a relatively reliable flow, springs are dependable sources of water. However, they
are highly vulnerable to contamination from human and animal activities. Most of the spring
protection methods involve the construction of a brick, masonry or concrete box around the
"eye" of the spring so that the water flows directly into the tank and through the pipe to the
supply point. In this way, water is protected from any contamination or pollution nearby
(Cairncross et al., 2003). Figure 6 shows a cross-sectional view of a typical spring box whereas
Figure 7 and Figure 8 show a spring box constructed on Amakera spring in the Northern
Province of Rwanda.
Figure 6: Spring Box (modified from Center of Control Disease, 2007)
Figure 7: Spring Box Constructed on Amakera Spring, Rwanda
Figure 8: Amakera Spring, Rwanda
3.2.2 Hand Dug Wells
This method is the most widely practiced for extracting water from the ground. Since the
construction of the well needs to be done by hand, the geologic formations should be soft (e.g.
limestone or chalk, sand and gravel, weathered basements). Hand dug wells do not exceed 20
meters in depth and 1 to 2 meters of diameter (MacDonald et al., 2005). Since little and no
specialized material is used in constructing this type of well, they can be constructed cheaply
with local materials and equipment. Another advantage is that no pumping is required from this
type of well. A bucket and a rope are used to draw the water from the well. (Cairncross et al.,
2003)
A hand dug well makes the water vulnerable to contamination. This is why a concrete apron is
placed at the top of the well in order to prevent interaction between human or animal activities
and the stored water.
The large storage capacity of these wells is their primary advantage. During the night, the well
accumulates with water in order to meet the high demand during the day. Even if drilled in
poorly permeable aquifers, most hand dug wells are successful in providing enough water
throughout the dry season. (MacDonald et al., 2005)
Hand dug wells can dry up at least seasonally for three major reasons: (MacDonald et al., 2005):
* They often tap shallow groundwater
* Drawing a high amount of water from these wells does not allow complete recovery for
the well since they are excavated in poorly permeable aquifers
* While boreholes can go deep into the ground, the hand digging technique allows
penetration to only small depths beneath the water table.
Finally, hand-dug wells are an effective and cheap method to exploit groundwater despite the
different difficulties encountered with respect to the water quality and poorly permeable aquifers.
Figure 9: Hand Dug Well in Uganda (The Hunger Project, 2006)
3.2.3 Boreholes
Boreholes have been widely used in rural water supply projects since the 19th century when the
steam-driven machine made it possible to penetrate to great depths into the rocks and explore
groundwater resources. Nowadays, various methods of jetting, punching or drilling a well
require a specific drilling rig even though hand drilling is proven to be as effective in some
places (e.g. soft rock). In general, the drilling depth range of rural boreholes is 20 - 100 meters
and the diameter ranges between 0.1 and 0.3 meters.
The advantages of boreholes are:
* Their construction is fast if provided with appropriate equipment.
* They can afford a more sustainable water supply since they penetrate to great depths and
can tap deeper.
* It is a very common groundwater extraction technique when faced with hard rock.
* Sanitary seals are easily constructed on boreholes to prevent contamination.
Boreholes are expensive because of the drilling process involved. A special type of rig is
required and it is expensive to maintain and to run. A specialized team should complete the task
of drilling and relying on local communities is not advised.
Comparing boreholes and hand dug wells, the former is more appropriate for developing
countries since it does not require fancy equipment and a large amount of funds. In the VNP
region, both techniques are not put into practice and only water collection from springs is
witnessed (see section 3.3.2).
3.3 Volcanoes National Park Region: Current Situation
3.3.1 Governmental Opinions
We were informed by government representatives Albert Yaramba and Jean Marie Vianney
Mushinzimana from the Ministry of Environment, Water, Forest, Land and Mines, that
groundwater has been poorly explored in Rwanda.
The director in charge of the Rural Water Supply Activities in Rwanda, Mr. Albert Yaramba, has
provided information about the water supply master plan in the Eastern Province of the country.
The master plan for the Northern Province, which is of concern to this thesis, was started in early
January 2007 and was expected to be completed in eight months. However, Mr. Albert Yaramba
has given the following information regarding the current groundwater situation in Rwanda and
the future aims of the studies in progress:
* Even though the water table is believed to be shallower in the Eastern Province than in
the Northern one, the studies have been basic and the water quality not tested. The most
widespread water supply techniques throughout the country are based on rainwater
harvesting.
* In the Northern Province and concerning the VNP, the water must be drawn outside of
the park because human activity within the park affects the ecosystem and the fragile
environment.
* A water tap should be available to the community outside of the park. The water source
should be either a manual pump or gravity flow.
* The water should be stored by pumping into a tank or by gravity.
Another meeting with technical people (Mr Willi Walz from the German consultant bureau IGIP
and Mr. Jean Bosco, a survey engineer) currently working on assessing the water supply system
in the Northern Province as a part of the global master plan for this region has revealed the
following information:
* Very few pumping stations and boreholes are established because the villages are located
at the top of the hills; therefore, the catchment area is small.
* The population is responsible for the maintenance of the pumps (10% are electric pumps
and the other 90% are hand pumps).
* A water committee in each village is responsible for the water fees: a fee of five to ten
Rwandan francs is collected per jerrican and it does not increase during the dry season.
* A population survey is being conducted by the African Institute for Economical and
Social Development (INADES) in order to get a sense of the water demand in the
Northern Province.
The director of the Water Department in charge of the Water Related Programs in Rwanda, Mr.
Jean Marie Vianney Mushinzimana, has stressed the importance of coordination between the
water supply projects taking place in Rwanda. He provided an important source of information
about the Mutobo source project in the Northern Province. In fact, the pre-project phase has been
completed and the German consulting group IGIP is completing the work. Information he
provided includes:
* No estimates of the quantity of groundwater are available.
* Major investments in exploring the depth to the water table nearby Mutobo source are
being considered. The importance of finding the depth to the water table is discussed
further in Chapter 6 of this thesis.
* The main policy is to make the water available to the largest number of people and to
stock the water coming from underground in reservoirs and tanks.
It is quite clear from the interviews that the government is willing to invest in exploring
groundwater in the Northern Province of Rwanda. However, financing is still a major issue since
a severe lack of funds is faced in developing countries.
3.3.2 Observed Situation
Groundwater supply in the VNP region is only available through emerging springs within or
outside of the park. No boreholes have been dug in order to exploit the groundwater.
Perched springs inside of the park have been protected with spring boxes and provide water for
the Bisate village. Two main sources provide water to the rural village and they are called
Bushokoro (Figure 10) and Bunyenyeri (Figure 11). The Bushokoro source is the main water-
providing source for the village. The water coming from Bunyenyeri source is used by the gorilla
trackers whose base is located in Bisate.
Figure 10: Bushokoro Source (Kelly Doyle, 2007)
Figure 11: Bunyenyeri Source (Jean Pierre Nshimyimana, 2007)
The two above sources supply water to the village of Bisate. However, nearby villages,
especially those located in the lowlands, are fed with water from regional contact springs:
Mutobo, Amakera, Kigombe and Mpenge. Figure 12 and Figure 13 show the Mutobo and
Mpenge sources.
Figure 12: Mutobo Source
Figure 13: Mpenge source (the "eye" of the spring), Rwanda
This chapter has presented the widespread groundwater extraction techniques in developing
countries. The specific case of the VNP region in Rwanda was discussed along with the
governmental opinions and prospective projects. The field observations and information
provided regarding the current groundwater extraction techniques practiced in the vicinity of the
VNP revealed that water fetching directly from the springs is the only practiced method. In the
next chapters of this thesis, the groundwater will be further analyzed.
4 HYDROGEOLOGY OF THE VNP AND ITS SURROUNDINGS
4.1 Geology and Soil Composition
4.1.1 Introduction
The VNP is a part of the Virunga volcanic chain in the Western branch of the East African Rift.
The Virunga chain is comprised of a total of seven volcanoes: two (active) are located in DRC
and five (inactive) at the boundaries between Rwanda, DRC and Uganda. The two active
volcanoes in DRC are Nyiragongo and Nyamuragira. The VNP covers the Rwandan properties
and is topographically split into western and eastern chains.
The western chain has two volcanoes: Karisimbi and Bisoke. Karisimbi (4,507 m) has the most
complex geology of all. As for Bisoke (3,711 m), it is occupied by the largest lake of the
volcanic chain. (Rwanyiziri et al., 2006)
From east to west, Muhabura, Gahinga and Sabyinyo form the eastern chain of the VNP.
Muhabura (4,127 m) is the youngest volcano and has one small lake with 100 m diameter at its
top. Gahinga (3,434 m) has the same characteristics as Bisoke volcano. Finally, Sabyinyo (3,634
m) is the oldest volcano of the chain and is the most eroded. (Rwanyiziri et al., 2006)
Figure 14 gives an aerial view of the volcanoes spread across the boundaries of Rwanda, DRC
and Uganda.
Figure 14: Aerial View of the Virunga Region (modified from MacKay, 1998)
Figure 15, Figure 16, Figure 17 and Figure 18 show the volcanoes forming the Virunga chain.
Figure 15: Bisoke
Figure 16: Sabyinyo
Figure 17: Gahinga (left) and Muhabura (right) (Photograph by Daria Cresti, 2007)
Figure 18: Karisimbi (IWRC, 1993)
4.1.2 Background on Virunga Geology
The Virunga volcanic area is a part of the East African Rift that formed when continental drift
pulled the Arabian Peninsula away from the African continent. The Virunga area is formally
know as the Virunga massif-a group of connected mountains within a single geographic area.
(Rogers et al., 1998)
The main geologic formation found in the Virunga massif is known as the Kibaran mid-
Proterozoic mobile belt. The Proterozoic is the second of two eras that make up Precambrian
time; the Precambrian lasted from approximately 2.5 billion to 570 million years ago (2.5 to 0.57
gigayears). The Kibaran orogeny, in other terms a mountain building process, dates back to 1.3
to 1.4 gigayears (Gyr) and created most of the Virunga massif. Granite and syenite also intruded
into the rocks of the massif 0.7 to I Gyr ago in a process separate from the main mountain-
building process. The complex geology of the region includes traces of Precambrian geologic
processes such as the Ubendian terrain, another orogeny crossing the Virunga massif (Rogers et
al., 1998). The Ubendian terrain is formed out of "medium to high-grade metamorphic gneisses
and schists" (SHANTA Gold, 2007). The East African Rift is known for the volcanic nature of
its terrain; however, geologically young (Neogene to recent) lacustrine deposits with variable
thickness are found where volcanic rocks are not present.
The diversity of the Virunga rock formations is the result of the contrasting volcanic products of
the current active volcanoes. The different geologic formations of each volcano in the Virunga
massif (Rogers et al., 2007) are presented and described in Table 4. (Wikipedia, 2007 c, d, e, f, g,
h).
Table 4: Different geologies and rocks found in the Virunga region (Rogers et al. 1998)
Volcano Geologic formation Description
Nyamuragira K-basanites Igneous, volcanic rock
(DRC) K-hawaiites: Crystallized basalt, volcanic rock
- Feldspar - Rock-forming mineral
- Olivine - Mineral (magnesium iron silicate)
- Clinopyroxene phyric - Rock-forming silicate mineral
- Leucite phenocrysts - Large crystal
- Leucite in groundmass
- Appearance of alkaline basalts




- Melilite - Silica-undersaturated aluminosilicate
- Olivine - Solid solution of different silicates
- Clinopyroxene - Mineral (magnesium iron silicate)
- Silica-poor accessory phases - Monoclinic crystal
Karisimbi K-basanite and K-hawaiites
(Rwanda, DRC
and Uganda)
Bisoke K-basanite and K-hawaiites
(Rwanda, DRC
and Uganda)
Gahinga K-basanite and K-hawaiites
(Rwanda, DRC
and Uganda)




(Rwanda, DRC(Rwanda, DRC Orthopyroxene-bearing K-trachytes Black rock forming silicate mineral
and Uganda)
Latites Igneous volcanic rocks
In Figure 19, a geological sketch map of the Eastern Virunga province is shown.
Figure 19: Geologic formations of the Eastern part of the VNP, Rwanda (Rogers et al., 1998)
(Numbered dots locate collected rock samples referenced in the original paper and not well locations.)
4.1.3 Soil Composition
As discussed in Section 4.1.2, volcanic rocks are predominant in the Virunga region. Nearly 90%
of the VNP is covered by volcanic formations (Rwanyiziri et al., 2006). The other 10% are
andisols or soils formed by volcanic ash (Wikipedia, 2007 i). Andisols contain a high proportion
of organic matter and usually have a high pH. These characteristics are favorable for agriculture.
Moreover, the high quantities of rainfall that this region receives make these soils humid
(Rwanyiziri et al., 2006).
The erosion problems encountered in the VNP are mainly due to abrupt changes of slope. It is
dangerous to cultivate in these regions because of the high probability of severe soil erosion. On
the other hand, large areas are cultivated on mild slopes found downhill of the volcanoes
(especially in the lava region). (Rwanyiziri et al., 2006)
A further description of the soil composition has been prepared by the GIS Centre in Butare,
Rwanda (Rwanyiziri et al., 2006). A comprehensive legend and a detailed delineation of the
different types of soils at the periphery of the VNP are presented in Figure 20 and Figure 21,
respectively.
SOILS DERIVED FROM VOLCANIC MATERIALS
Soils developed fm volcanic erections
with thickness < 100 m
Eitic Development (E)
Soils developed widin volcanic
erecions with thickness > 100 cm
Camc development (C)
loth melanic horizon
Well drained soils, with minimal
alteration, limited before 50 cm by a
mixture of ash and volcanic lapillus
Well drained soils, with minimal
alteration, limited between 50 to
100 cm by a flagstone of volcanic
ongin
Well drained soils, ashy, with
moderate alteration, limited before
50 cm by a mixture of ashes and
volcanic bombs
Well drained soils, with moderate
alteration, limited before 50 cm by
volcanic ashes
Well drained soils, with moderate
alteration, limited between 50 and 100
cm by a flagstone ofvolcanic origin
Well drained soils, with moderate
alteration, locally limited between 50
and 100 cm by a placic horizon
Soils developed within volcanic
erections with thickness > 100 cm
Cam~ic development (C)
th ulvic horizon
Well drained soils, with moderate
alteration, limited between 50 and 100 cm
by volcanic ashes, or by highly
&rrl~A '- llte;nvae i Fmr-~
Well drained soils, ashy, with moderate
alteration, limited between 50 and 100
cm by volcanic ashes
Well drained soils, ashy, with moderate
alteration, non limited before 100 cm by a
gravel charge
Figure 20: Comprehensive Legend of the VNP Soil Map (modified from Rwanyiziri et al., 2006)
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Figure 21: Soil Map of VNP and its Periphery (modified from Rwanyiziri et al., 2006)
Figure 22 and Figure 23 show volcanic rocks present in the village of Bisate.
Figure 22: Volcanic Rocks in Bisate (1)
Figure 23: Volcanic Rocks in Bisate (2)
In Figure 24, the village of Bisate is shown within the corresponding geological setting. Well
drained soils with moderate alteration and composed of volcanic ash are dominant in this region.
The local people compare the soil to a sponge. As soon as it rains, the soil and mosses absorb
rainwater and the water retained in the rocks infiltrates through fractures and cracks forming a
nearly continuous recharge throughout the year. This process is further discussed in Section 4.2.
Bisate is located at the base of Bisoke volcano. It is clear from that the slopes become milder in
Bisate making it favorable for agriculture. The types of agricultural activities found in Bisate fall
into two categories:
* Subsistence economy: maize (local), vegetables, potatoes, etc (see Figure 25)
* Industrial crops: pyrethrum (used to make insecticides)
Figure 24: Bisate at the periphery of the VNP, map key in Figure 20 (modified from Rwanyiziri et al., 2006)
Figure 25: Maize vegetation in Bisate
4.2 Hydrology
4.2.1 The Hydrologic Network of the VNP
The VNP has been described as the "Castle of Water" of the region. This "title" is earned
through the high rate of precipitation witnessed within the park and its periphery. On average,
the park receives an annual 220 millions cubic meters of water (Rwanyiziri et al., 2006).
Unfortunately, the "Castle" does not provide a permanent river or spring because the soil and
bedrock are composed of porous volcanic material. Infiltration of rainwater is extremely rapid
and the water penetrates until it hits the Mukungwa river bed. Only then, water reappears in the
form of springs inside or outside of the park. (Rwanyiziri et al., 2006)
Wetlands and crater lakes are also considered as water sources within the park. The most renown
is Bisoke's crater lake which is the largest of all.
During the fieldwork conducted in January 2007, the group visited springs and water sources
inside and at the periphery of the park. Other sources were located away from the entrance.
While sampling the water the local people told the group: "This water comes from the
volcanoes."
Table 5 gives a brief description of the visited water sources and states whether the source is a
groundwater source or a surface water source.
Table 5: Visited water sources in Musanze district and at the periphery of the VNP
(January 2007)
Water Source Location Brief Description
(GPS reading)
Mutobo S 01031.516' Water source is groundwater flow from Bisoke
E 29"33.591' volcano and nearby hills of Karisimbi. Located
outside the park.
Mpenge S 01o29.982' Water source is groundwater flow from
E 29039.008' Sabyinyo volcano. Located outside the park.
Kigombe S 01o30.461' Water source is groundwater flow from
E 29038.433' Sabyinyo volcano. Located outside the park.
Amakera S 01030.368' Almost all the water source is groundwater
E 29039.266' flow from Sabyinyo volcano. Located outside
the park.
Bushokoro Nearest Location: Water source is surface water from Bisoke
(spring in the S 01027.541' volcano. Located inside the park.
park)
E 29030.333'
Bushokoro S 01027.425' Water source is surface water from Bisoke
(Tap downhill) E 29030.412' volcano. Located inside the park.
Bunyenyeri Not available Water source is groundwater from Bisoke
volcano. Located inside the park.
Irwaniro Not available Treated water from Mutobo source.
(Electrogaz drinking water source)
Due to logistical difficulties, the group was not able to visit all the sources in the park. Special
permits were required to enter the park and the absence of competent guides within the park has
resulted in limited access to the water sources and sampling of water.
4.2.2 Groundwater Flow and Preliminary Model
Groundwater flows from topographically high areas towards the lowlands. At high elevations,
erosion has exposed bedrock at the land surface. At these locations, groundwater discharges
directly into the streams. At other locations, groundwater travels downward into downgradient
water systems. Perched springs emerge when low permeability rocks impede the downward
travel of water. When groundwater reaches the valley it is forced to the surface of the land by the
low permeability rocks. These are called regional contact springs. (Gurreiri et al., 2005)
The USDA Assistance Trip looked for perched springs during their visit to the Bisate Sector in
March 2005. Its members mentioned in their trip report that Kagano and Bushokoro springs are
low gravity developments in the dry zone shown in Figure 26. The surface water is limited to the
discharge from small perched aquifers that have a constant yield all year long. However, the
amount of water extracted from these springs does not meet the required demand by the
villagers. Other springs along the boundary of the park can be identified by the presence of
wetland vegetation. Looking for wetlands on the site is a fruitful exercise for locating the
groundwater table. (Gurreiri et al., 2005)
As for the large regional contact springs, they are located in both Rwanda and Uganda: Mutobo,
Rubindi and Mpenge discharge in Rwanda whereas Cyuho and Nkanka discharge in Uganda.
With the exception of high iron concentrations in Mutobo and elevated fluoride content in some
of Cyuho's discharges, the quality of the water in these springs is good. These regional contact
springs have large discharge rates and are able to provide a reliable source of water to a large
community. However, the implementation of an appropriate technique for water distribution is
expensive. Indeed, a high investment is required to construct pumping and distribution
infrastructure to supply water to the villages located hundreds of meters above the discharge
location. (Gurreiri et al., 2005)
A visit to the ORTPN office in Musanze and a meeting with Mr. Justin Rurangirwa-Nyampeta
who is responsible for the VNP tourist section, has revealed that ORTPN considers that
absolutely no water sources are present in the forest. Mr. Rurangirwa-Nyampeta has confirmed
that thorough research has been conducted inside the park over the years and no water source is
available for local supply. The only reliable source is Mutobo which is located outside of the
park.
Figure 26: Preliminary Groundwater Model (modified from USDA 2005)
5 GROUNDWATER RECHARGE (Water Balance Method)
5.1 Water Balance Method
The water balance method (WBM) has been proven to be an efficient way to predict the soil
infiltration rate. The water balance models can be based on hourly, daily, monthly or yearly
basis. The first developed model was developed by Thornthwaite during the 1940's and it was
later revised by Thornthwaite and Mather in 1955 and 1957 (Xu, Singh 1998).
The WBM consists of a series of calculations presented in Table 6. Basically, an empirical
formula is used to compute the potential evapotranspiration (PET). The PET is recognized as the
environmental demand for ET and it represents the rate at which crops are undergoing ET. In
other terms, PET characterizes the energy available to transform water into vapor and the wind
available to transport water vapor from the ground to the lower atmosphere. (Wikipedia, 2007 j)
Table 6: WBM steps for calculating the infiltration rate (McBean et al., 1995)
Step Parameter Involved Description
1 T Enter average monthly temperature (7F)
2 1 Get the heat index for each month and then sum up to get the
yearly heat index
3 UPET Find Unadjusted Potential Evapotranspiration using Tand i
4 R According to the site latitude, find the correction factor for
duration of sunlight
5 PET Multiply UPET with r to get the Adjusted Potential
Evapotranspiration
6 P Enter average monthly precipitation (in.)
7 C r/o Enter the runoff coefficient corresponding to each month in
order to get the runoff for each month
8 r/o Multiply P by C r/o to get the runoff for each month
9 I Subtract r/o from P to get the infiltration or recharge rate (in.)
10 1-PET Water available for storage (in.)
Table 6 (Cont'd): WBM steps for calculating the infiltration rate (McBean et al., 1995)
11 ACC WL Add negative values of available water for storage to get the
accumulated water loss
12 ST Monthly soil moisture storage (in.)
1. Determine initial soil moisture
2. Assign the found value to the last month having a
positive 1-PET
3. Determine ST for each following month having a
negative 1-PET
For I-PET > 0, add I-PET value to preceeding month's
storage. The field capacity should not be exceeded
13 AST Find change in soil moisture for each month by subtracting ST
for each month from the preceding one.
14 AET Actual evapotranspiration (in.):
1. For I-PET > 0: AET = PET
For I-PET < 0: AET = PET+(I-PET- AST)
15 PERC Percolation (in.):
1. For I-PET < O: PERC = 0
For I-PET > 0: PERC = (I-PET- AST)
16 P P = PERC + AET + AST + r/o
In this thesis, the monthly WBM will be used to analyze the rainfall and temperature data of the
city of Busogo in Rwanda Northern Province. Based on this method, an estimate of the
groundwater recharge rate will be given for further calculations in Chapter 6.
5.2 Groundwater Recharge Calculation Methodology
Based on the methodology presented in Table 6, the groundwater recharge or the infiltration rate
will be calculated.
During the field trip to Rwanda, our research group was able to obtain daily, 3-hour interval
temperature data for the year 2006 from the Institute of Agriculture in Busogo. The monthly
average was then computed based on the daily temperature. For the month of January, the data
was available as of the 18 th of the month.
Two values of precipitation were available daily: day (6 a.m. - 6 p.m.) and night (6 p.m - 6
a.m.). The average monthly rainfall for Busogo was calculated by averaging both day and night
data.
A summary of the calculations (discussed in depth in Appendix A), is presented in Table 7. The
groundwater recharge was found as 11.8 inches per year or 0.3 meters per year.
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6 GROUNDWATER MODELING OF VNP
6.1 Introduction
Groundwater flow in volcanic rocks tends to be complex since the rock types tend to be
inhomogeneous. The groundwater potential varies significantly with location in volcanic rock
formations (MacDonald et al., 2005). Mineralogy and chemical composition of the volcanic
rocks as well as the viscosity and gas content determine the type of the resulting rocks and the
kind of eruption. The alternation of ashes and lavas - lavas are considered the conduits of
groundwater flow - distinguish the aquifers from each other (MacDonald et al., 2005).
In this chapter, a groundwater model is constructed for water-table elevation prediction using the
U.S. Geological Survey MODFLOW ground-water flow computer code (McDonald and
Harbaugh, 1988). The model is constructed based on the available field data collected in Rwanda
during the fieldwork in January 2007. The most reliable data is the rainfall data that was used for
the groundwater recharge computation (see Chapter 5). Due to the lack of high quality aerial
photos and hydrogeologic data within the park, the model presented in this thesis is a heuristic
estimation of the actual hydrogeology.
The model is a first attempt to locate the water table in the VNP. No observation or pumping
wells are drilled inside the park or in its vicinity, and water is believed to be at great depths
below the ground surface by the local people.
6.2 Estimation of Model Parameters
In this section the different parameters that contributed to building the model are presented as
follows:
* The ground surface elevation map was generated from a data elevation model (DEM) file
using ArcMap GIS software.
* The hydraulic conductivity was estimated based on studies of similar volcanic rocks in
Hawaii and New Mexico.
* The groundwater recharge rate was estimated based on the Thornthwaite Water Balance
Method (calculated in Chapter 5).
* The boundary conditions were estimated based on field inspection during the fieldwork in
January 2007.
6.2.1 Ground Surface
The ground surface represents the top of a vertical wedge from the top of Bisoke volcano down
to the city of Ruhengeri where regional springs (Mpenge and Amakera) create a natural
hydrologic boundary. The elevation data was retrieved from a 50-meter-accuracy DEM file
(distributed by the Land Processes Distributed Active Archive Center (LPDAAC), 2007). In
Figure 27, the line along which the two model boundaries were set is shown. Bisate village is
also shown on the map. The ground surface generated from the contours is presented in Figure
28.
Figure 27: Model Top View
Vertical cut through Bisoke-Ruhengeri
Figure 28: Vertical Slice through Bisoke to Ruhengeri
The ground surface is the upper limit of the groundwater model and thus is an important
boundary condition. In Figure 29, the cross-sectional view of the model is shown as input into
MODFLOW. The land surface shown in Figure 28 was assigned to model columns with a
uniform spacing of 100 m.
Figure 29: Cross sectional view
5000 10000 15000
Distance from Top of Bisoke [m]
0
6.2.2 Recharge Rate
As already calculated in Chapter 5, the recharge rate into the groundwater based on the
Thornthwaite method is 0.3 m/year. Since the model is built on daily consistent units, the input
value for recharge is 0.0008 m/day and is considered as uniform over the whole area of the
model.
6.2.3 Hydraulic Conductivity
The hydraulic conductivity was as a practical matter impossible to measure in the field. Since it
is one of the most important parameters in this model, a careful choice of value must be taken.
A rigorous search for terrains and geologies being close in nature to the Rwandese VNP led to
the southern Oahu region in Hawaii, USA. Estimates of the hydraulic conductivity for the
volcanic rocks in Oahu are 5.3 x 10-3 m/s in the horizontal direction and 2.6 x 10 5 m/s in the
vertical direction (Oki et al., 1998).
As discussed in Section 4.2.2, the dikes have a lower hydraulic conductivity than the volcanic
rocks. An estimate of the hydraulic conductivity value is 0.04 m/day (Springer, 2005). This value
was determined for unfractured volcanic tuff in the volcanic region of Los Alamos, New Mexico.
6.2.4 Boundary Conditions
The boundary conditions of the model were determined from visual observations in Rwanda and
the available GIS data. Four model runs were performed each with different boundary
conditions.
Trial 1: Two Constant Boundary Conditions
The crater lake at the top of Bisoke volcano was considered a constant head upstream boundary.
The elevation of the crater lake was determined from the DEM file.
As for the downstream boundary condition, a constant head was assumed in the city of
Ruhengeri since groundwater springs emerge in this area. The main assumption is a constant
head for a distance of 2 km across the lower side of the model (as shown in Figure 30).
The model has the shape of a wedge whose summit is the crater lake at the top of Bisoke volcano
(3586 m) and the base is a constant head of springs in Ruhengeri (1870 m). The sides of the














Figure 30: Model Top View and Boundary Conditions for First Trial
Trial 2: One Constant Boundary Condition
The downstream boundary condition at Ruhengeri is a constant head. In this trial, the crater
lake's constant head previously set in the first trial is removed and replaced by a recharge cell.













Figure 31: Model Top View and Boundary Conditions for Second Trial
Trial 3: One Constant Boundary Condition with Non-homogeneous Medium (Dikes)
In order to account for the presence of the dikes shown in Figure 26, the hydraulic conductivity
is decreased for a zone at the top of Bisoke volcano. As shown in Figure 32, the medium is no
longer homogeneous. The boundary conditions are kept the same as in Trial 2.
Figure 32: Model Top View and Boundary Conditions for Third Trial
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Trial 4: One Constant Boundary Condition with Non-homogeneous Medium (Dikes and
Middle Medium)
Figure 33 shows two regions with different hydraulic conductivities: the dikes and the middle
medium. Basically the thin middle zone of lower hydraulic conductivity should act as an
"underground" dam that accumulates groundwater behind it and thus increases the water table






Figure 33: Model Top View and Boundary Conditions for Forth Trial
6.3 Model Results
For each of the four trials presented in the previous section (6.2.4), the model has responded in a
different way.
Trial 1: Two Constant-Head Boundary Conditions
The model has been tested with different ranges of hydraulic conductivity. Since the acceptable
range of error for the hydraulic conductivity is within a factor of ten, a first run of the model is
performed with an estimate of 458 m/day in the horizontal direction and 2.24 m/day in the
vertical direction (based on Oki et al., 1998). Starting with this typical value of hydraulic
conductivity, and then with higher values, the results were dramatically different. In Table 8, a
summary of the ranges and the corresponding observations with respect to the water-table
0<
O02 OWP
elevation are presented. The low value of the hydraulic conductivity of 0.002 m/day corresponds
roughly to that found for unfractured volcanic tuff in Los Alamos, New Mexico by Springer
(2007). Running the model for such a low value and looking at the results is worthwhile.
Table 8: Different tested hydraulic conductivities with the model
Hydraulic ConductivityWater Table Elevation vs. Hydraulic ConductivityHydraulic Conductivity (m/d) Position from Ground Level within LiteraturePosition from Ground Level Range?
kx = 458, ky =: 458, kz = 2.24 Below and above: Yes
Boundary conditions dominate
kx = 45.8, ky -= 45.8, kz = 0.224 Below and above: Yes
Boundary conditions dominate
kx = 4580, ky = 4580, kz = 22.4 Below and above: Yes
Boundary conditions dominate
kx = 0.02, ky -= 0.02, Above Yes
kz = 0.0066 (kz= 1/3 kx)
In Figure 34 to Figure 37, the water table is drawn to scale for different combinations of the
hydraulic conductivities in the x, y and z directions. The red spot represents the location of
Bisate in the model.
For extremely small values of hydraulic conductivity the water table is completely above the
ground level (Figure 37) while higher values predict water-table elevations near the land surface.
In these simulations, the model predicts unrealistically high flows to come from the crater lake
on Bisoke volcano and the simulations are clearly unrealistic.
Figure 34: Trial 1. Results for kx = 458, ky = 458, kz = 2.24 [m/d]
Figure 35: Trial 1. Results for k, = 45.8, ky = 45.8, kz = 0.224 [m/d]
Figure 36: Trial 1. Results for kx = 4580, ky = 4580, kz = 22.4 [m/d]
Figure 37: Trial 1. Results for kx = 0.02, ky = 0.02, kz = 0.0066 [m/dj
Trial 2: One Constant-Head Boundary Condition
For the same values of hydraulic conductivity tested in Table 8, the model was run with only the
Ruhengeri springs constant-head boundary condition and without the crater lake constant-head
boundary. Since the water table depth did not change for the different hydraulic conductivities kx
= (458, 45.8, 4580), ky - (458, 45.8, 4580), kz - (458, 45.8, 4580), results representative of all
three runs are given in Figure 38. Figure 39 shows the results for small hydraulic conductivities.
The results with larger hydraulic conductivities in Figure 37 show a deep water table.
Figure 38: Trial 2. Results for kx = (458, 45.8, 4580), ky = (458, 45.8, 4580), kz = (458, 45.8, 4580)
As also observed in Figure 37, the water table level is still above the ground level for small
values of the hydraulic conductivity if the upstream boundary condition is set to a regular
recharge cell.
Figure 39: Trial 2. Results for k, = 0.02, ky = 0.02, k, = 0.0066 [m/d]
Trial 3: One Constant Boundary Condition with Non-homogeneous Medium (Dikes)
Figure 40 shows the results for the following different hydraulic conductivity combinations (in
m/d): kx - (458, 45.8, 4580), ky - (458, 45.8, 4580), kz - (458, 45.8, 4580) in the lowlands and kx
= 0.04, ky = 0.04, kz = 0.0133 for dikes near the top of the volcano. The change in the water table
level was insignificant between the three different combinations.
Figure 40: Trial 3. Non-homogeneous Medium
Trial 4: One Constant Boundary Condition with Non-homogeneous Medium (Dikes and
Middle Medium)
Horizontal low-permeability layers might be the main cause for the emergence of the perched
springs shown in Figure 26 (Gurreiri et al., 2005). Since it is impossible to model such a geologic
structure with a single-layer model, a low value of hydraulic conductivity halfway between the
Bisoke volcano and the lowlands was used as an approximation. The results of the model are
shown in Figure 41. The hydraulic conductivities (m/d) for this run were as following:
* kx = (458, 45.8, 4580), ky = (458, 45.8, 4580), kz = (458, 45.8, 4580) in the lowlands
* kx= 0.04, ky= 0.04, kz= 0.0133 for the dikes
* kx= 0.04, ky = 0.04, kz = 0.0133 for the middle medium
Figure 41: Trial 4. Non-homogeneous Medium accounting for vertical layering
6.4 Results and Observations
6.4.1 General Observation
For small values of horizontal hydraulic conductivity (< 0.1 m3/day), the water table is predicted
to rise above the ground surface. This is clearly shown in Figure 37 and Figure 39. This is
because the recharge rate is higher than the aquifer's ability to discharge water to the boundaries
at the lower end of the model.
6.4.2 Trial 1: Two Constant Boundary Conditions
For values of horizontal hydraulic conductivity more than 0.1 m3/day, the water table is predicted
to lie below the ground surface at the top of Bisoke volcano. It is quite clear from Figure 34
through Figure 36 that the upgradient and downgradient boundary conditions dominate for high
ranges of hydraulic conductivity. The same pattern is observed no matter how much the
hydraulic conductivity is increased. The results are highly sensitive to the values of the hydraulic
conductivity of the medium.
The elevation of the water table at the elevation of Bisate (2500 m) was found above the ground-
surface level for all values of the hydraulic conductivity. Moreover, the water flux from the
constant-head cell representing the crater lake was found to be unrealistically high.
Even though the boundary conditions dominate for hydraulic conductivity values higher than 0.1
m/day, the water table increases in depth below the ground surface as the hydraulic conductivity
is increased. This is an indication that the model is responding correctly to the change of the
hydraulic conductivity and that further data input from the field will give reliable results in the
future.
It is also observed that the water table gets above the ground surface at approximately the same
elevation as the springs in the National Park (see Figure 34 through Figure 36).
6.4.3 Trial 2: One Constant Boundary Condition
The model results predict a deep and flat water table level (approximately 750 meters below
ground surface at Bisate) for the literature values of the hydraulic conductivity. This is an
unlikely scenario since the crater lake is filled with water to a certain height all year long and
consequently the water table should be higher beneath it.
The variations in the hydraulic conductivity values do not affect the results. The water table
remains flat and deep except for very small values of hydraulic conductivity (see Figure 39).
6.4.4 Trial 3: One Constant Boundary Condition with Non-homogeneous Medium (Dikes)
Decreasing the hydraulic conductivity to account for the dikes as shown in Figure 40, the water
table depth decreases and becomes shallower than in Trial 2. This run is more likely to represent
the actual depth to the water table. The depth to the water table in Bisate did not change (750
meters) if the dikes are introduced to the model.
6.4.5 Trial 4: One Constant Boundary Condition with Non-homogeneous Medium (Dikes
and Middle Medium)
Adding a thin (100 meters) zone of a lower hydraulic conductivity at the middle of the medium
doesn't change the results of the model as compared to Trial 3.
6.4.6 Modeling Conclusions
The results have shown that the water table is rather deep other than with Trial 1. Trial 1,
however, is not reliable due to the dominance of the two boundary conditions.
The boundary conditions, especially the downstream boundary conditions, should be further
checked and field measurements should be made in order to get more realistic input data. The
hydrogeology has been revealed to be the most important aspect of constructing a proper model
to locate the water table.
As far as these results are concerned, the suggestion is to further explore the groundwater and
most importantly to drill exploratory and observation boreholes within the vicinity of the park.
This technique will help provide a clearer idea of the depth of the water table and to better
understand the vertical layering of the soil.
Field as well as analysis recommendations are presented in the next section (6.5).
6.5 Future Work
As discussed in section 6.4, the model needs enhancement in order to get more reliable results.
The main flaw in the model is the lack of data. Table 9 is a summary of the different
recommendations considered of importance for a future site visit in Rwanda.
Table 9: Recommendations and future field explorations
Data Collection 1. Get aerial photographs showing lakes and wetlands within the park in
order to construct more accurate boundary conditions in the model.
2. Perform a survey of water sources within the park and collect GPS data. A
visit to the Bunyenyeri source is strongly advised since it is believed to be a
groundwater source.
3. Get accurate land-surface elevation data (20-meter-accuracy DEM file)
from the Center of GIS in Butare, Rwanda.
4. Carry out, if possible, an on-site hydraulic conductivity measurement at
different locations within the proposed wedge in Figure 30.
5. Check ongoing investigations by the government especially by the
Ministry of Energy, Water, Forest, Land and Mines and get information
about the latest water coverage masterplan for the North Province within this
ministry.
6. Contact the Director of Rural Water Supply Activities in Rwanda, Mr.
Albert Yaramba for possible information about the groundwater extraction
in the Northern Province.
7. Contact Mr. Willi Wailz from the German consulting bureau IGIP for
technical assistance.
8. Contact Mr. Jean Pierre Nshimyimanafor any information needed prior to
the trip to Rwanda.
Model 1. Add the internal water sources (e.g. Bunyenyeri source) visible through
Enhancement aerial photographs or field inspections.
2. Update the input data (e.g. hydraulic conductivity, boundary conditions)
3. Enlarge the model area to include Bisate if enough data is gathered during
the field trip to Rwanda.
The contact information of the people mentioned in Table 9 is given in Appendix B.
7 CONCLUSIONS
During the month of January 2006, a field trip to Bisate, Rwanda revealed numerous water
access problems. The Bisate community has been suffering for many years from a lack of water
during the dry season. The main objective of this thesis was to explore groundwater as an
alternative water source for the dry as well as the wet seasons.
Meetings with the government representatives and site observations revealed that no boreholes or
hand dug wells exist in this area. As a result, this study has started from basic information
gathered from Rwanda and other sources:
* Daily rainfall and temperature data for the year 2006 collected by the Institute of
Agriculture, Busogo, Rwanda.
* Previous geological studies carried out by Rogers et al. (1998) in the Virunga massif
region.
* An in-depth study involving the historical, geological, environmental, social and
economical aspects of the VNP region done by the Centre of GIS, Butare, Rwanda.
* A 50-meter-accuracy DEM file.
Based on the above, the author has been able to prepare the following:
* A description of the VNP hydrogeology based on Rogers et al. (1998) and Rwanyiziri et
al. (2006) as well as on-site observations.
* A calculation of the groundwater recharge using the Water Balance Method based on the
daily rainfall and temperature data.
* A groundwater model to help locate the groundwater table.
7.1 Hydrogeology Conclusions
The primary rock formations found at the periphery of the VNP are volcanic in nature. The
available soil maps have revealed only a slight change in the geologic formations from area to
area and the change is primarily related to the rock age.
Two springs flow inside of the park, one of them (Bushokoro) being a surface water source and
the other (Bunyenyeri) a groundwater source. As for the regional contact springs, where water
encounters rocks with lower permeability and is caused to emerge to the ground surface, they
were found in the lowlands (e.g. Ruhengeri).
The hydrogeology of the VNP was found to be complex and needs further investigation
especially within the park. Also, coordination between Rwanda, DRC and Uganda with respect
to soil maps and integrated GIS data is necessary since the Virunga Mountain extends into the
three countries' territories.
7.2 Groundwater Recharge Conclusions
Using the daily temperature and rainfall data for the village of Busogo, located at the periphery
of the VNP, groundwater recharge was calculated based on the Water Balance Method (also
known as Thornthwaite method) and was found as 0.3 m/day. This value is typically found in a
rainy environment and was deemed reasonable.
A more accurate value could be obtained by having temperature and rainfall data for more than
one year. The author recommends obtaining further data from the Institute of Agriculture in
Busogo.
7.3 Groundwater Model Conclusions
The groundwater model required elevation data from the field. A 50-meter-accuracy DEM file
was used to get the surface profile. The estimation of the hydraulic conductivity was based on
aquifer studies in the volcanic region of Oahu in Hawaii and Los Alamos in New Mexico.
Four trials were executed using MODFLOW, each with different boundary conditions and/or
aquifer hydraulic properties. The trials are summarized as follows:
1. Two constant-head boundary conditions (Crater lake and Ruhengeri springs)
2. One constant-head boundary condition (Ruhengeri springs)
3. One constant-head boundary condition with non-homogeneous medium (dikes)
4. One constant-head boundary condition with non-homogeneous medium (dikes and
middle medium)
The model results for the different trials were not the same. As a matter of fact, the boundary
conditions in the first trial dominated when the model is based upon literature values for the
hydraulic conductivity. As for the three next trials (2, 3 and 4), the results were alike and a deep
water table level was predicted in Bisate. An approximate 750-meter depth to the water table
was predicted for Bisate by the three latter runs.
Since the water table depth is susceptible to changes in hydraulic conductivities in the highlands
(e.g. the dikes), it is highly recommended to develop a vertically layered model when the
appropriate hydrogeological data is gathered.
7.4 Recommendations
As discussed in section 6.4, the groundwater model needs further data collection:
* High resolution aerial photographs.
* Water sources survey in the VNP and at its periphery.
* 20-meter-accuracy DEM file.
* On-site boreholes and hydraulic conductivity measurements.
* Additional hydrogeologic mapping.
* More information about the Northern Province water supply masterplan.
The following model enhancements are recommended:
* Adding internal water sources in the park using aerial photographs.
* Updating the input data (e.g. hydraulic conductivity measurements, boundary conditions).
* Enlarging the model area to include Bisate if enough information is gathered.
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APPENDIX A: WATER BALANCE METHOD METHODOLOGY
A.1 Monthly temperature values
In Table A. 1, the monthly temperature data is presented for the year 2006.
Figure A.1: Monthly temperature data in Busogo
Table A.1: Average monthly temperatures
Jan. Feb. Mar. Apr. May Jun.
Temp (°F) 60.44 60.44 59.72 59.36 60.26 58.64
Jul. Aug. Sep. Oct. Nov. Dec.
Temp (CF) 59.54 59.18 59.72 60.26 58.46 59.36
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A.2 Yearly heat index
Based on the study carried out by Thornthwaite (1944), a heat index is associated with each
average monthly temperature.
Table A.2: Yearly heat index
Jan. Feb. Mar. Apr. May Jun. Total
Temp (°F) 60.44 60.44 59.72 59.36 60.26 58.64
Heat index 5.68 5.68 5.00 5.36 5.62 5.14
Jul. Au. Sep. Oct. Nov. Dec.
Temp (°F) 59.54 59.18 59.72 60.26 58.46 59.36
Heat index 5.42 5.30 5.49 5.62 5.08 5.35 64.74
A.3 Monthly unadjusted potential evapotranspiration
The third step is to find an unadjusted value of PET. Tables provided in the paper Instructions
and tables for computing potential evapotranspiration and the water balance by Thornthwaite,
1957, give the corresponding values of UPET as a function of the average monthly temperature
and the yearly heat index.
Table A.3: Unadjusted PET values
Jan. Feb. Mar. Apr. May Jun. Total
Temp (OF) 60.44 60.44 59.72 59.36 60.26 58.64
UPET [in] 0.08 0.08 0.08 0.07 0.08 0.07
Jul. Au. Sep. Oct. Nov. Dec.
Temp (°F) 59.54 59.18 59.72 60.26 58.46 59.36
UPET [in] 0.08 0.075 0.08 0.08 0.07 0.08 64.74
A.4 Correction factor for duration of sunlight
The latitude of Busogo is 1o33 ' south. The mean possible monthly duration of sunlight in the
southern hemisphere expressed in units of 12 hours are presented in Table A.2. This duration is
also referred to as the correction factor for the duration of sunlight.
Table A.4: Correlation Factor
Jan. Feb. Mar. Apr. May Jun.
r 31.2 28.2 31.2 30.3 31 31.15
Jul. Aug. Sep. Oct. Nov. Dec.
r 31.2 31.2 30.3 31.2 30.45 31.45
A.5 Monthly adjusted potential evapotranspiration
The monthly adjusted PET is the product of UPET with r. The results are presented in Table A.5.
Table A.5: Adjusted PET values
Jan. Feb. Mar. Apr. May Jun. Tot.
Adjusted PET [in] 2.50 2.26 2.50 2.12 2.48 2.18
Jul. Aug. Sep. Oct. Nov. Dec.
Adjusted PET [in] 2.50 2.34 2.42 2.50 2.13 2.51 28.4
A.6 Average monthly precipitation
The average monthly precipitation for the city of Busogo is presented in Figure A. 2. In
accordance with the information provided by the local people during January 2007 field trip, the
two dry seasons occur during the months of January through March and June through October.
A\erage Monthly Rainfall in Busogo [2006]
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Figure A. 2: Average Monthly Rainfall in Busogo
A.7 Runoff coefficient
The runoff coefficient is a function of the soil surface conditions and the grass cover or the slope.
The volcanic area where Busogo and Bisate are located witnesses steep slopes. As we move
down to the city of Ruhengeri, the slopes become milder. The runoff coefficient is considered for
heavy soil and steep slopes and is taken as 0.3.
A.8 Monthly runoff
Multiplying the monthly precipitation by the runoff coefficient, the monthly runoff is found. The









Table A.6: Monthly runoff
Jan. Feb. Mar. Apr. May Jun. Tot.
Runoff [in] 0.76 1.49 1.23 2.15 1.97 0.15
Jul. Aug. Sep. Oct. Nov. Dec.
Runoff [in] 0.42 1.50 1.42 1.34 3.13 1.18 16.7
A.9 Monthly infiltration
The monthly infiltration rate is the difference between the precipitation and the monthly runoff.
The values are presented in Table A.7.
Table A.7: Monthly infiltration
Jan. Feb. Mar. Apr. May Jun. Tot.
Infiltration [in] 1.77 3.47 2.88 5.01 4.6 0.34
Jul. Aug. Sep. Oct. Nov. Dec.
Infiltration [in] 0.98 3.49 3.32 3.13 7.31 2.74 39.0
A.10 Available water for storage
The available water for storage is the difference between the monthly UPET and the monthly
infiltration. The values are presented in Table A.8.
Table A.8: Available water for storage
Jan. Feb. Mar. Apr. May Jun. Tot.
Available
-0.72 1.22 0.38 2.89 2.12 -1.84
water [in]
Jul. Aug. Sep. Oct. Nov. Dec.
Available -1.52 1.15 0.90 0.63 5.18 0.23 10.6water [in]
A.11 Cumulative water loss
The cumulative water loss is given in Table A.9.
Table A.9: Cumulative water loss
Jan. Feb. Mar. Apr. May Jun.
Cumulative
water loss [in]





A.12 Monthly soil moisture storage
The type of soil and vegetation adopted are clayey soil with moderately deep-rooted crops. As a
matter of fact, the majority of the agricultural activity in the region is based on maize (local corn)
and vegetables. The provisional water holding capacity for the soil and vegetation in Busogo is
taken as 3.6 in/ft. Then, the monthly soil moisture storage is provided in tables established by
Thornthwaite and Mather 1957. The monthly soil moisture storage is presented in Table A. 10.
Table A.10: Monthly storage
Jan. Feb. Mar. Apr. May Jun.






Monthly 2.9 3.6 3.6 3.6 3.6 2.1storage [in]
Table A. 11: Monthly storage (continued)
Jul. Aug. Sep. Oct. Nov. Dec.
Available -1.52 1.15 0.90 0.63 5.18 0.23
water lin]
Cumulative
water loss -3.36 -3.36
[in]
Monthly 1.4 2.5 3.4 3.6 3.6 3.6
storage [in]
A.13 Monthly change in soil moisture
The monthly change in soil moisture is given in Table A. 12.
Table A.12: Monthly change in soil moisture
Jan. Feb. Mar. Apr. May Jun.
Monthly 2.9 3.6 3.6 3.6 3.6 2.1
storage [in]
Change in
-0.67 0.67 0.00 0.00 0.00 -1.47
storage [in]
Jul. Aug. Sep. Oct. Nov. Dec.
Monthly 
-1.52 1.15 0.90 0.63 5.18 0.23
storage [in]
Change in
-0.75 1.15 0.90 0.17 0.00 0.00storage [in]
A.14 Monthly actual evapotranspiration
AET is presented in Table A.13. To calculate the monthly actual evapotranspiration (AET) for
the month of January 2006, an assumption was made that the same values calculated for the
month of December 2005 hold true for December 2006.
Table A.13: Monthly actual evapotranspiration
Jan. Feb. Mar. Apr. May Jun.
Adjusted 2.50 2.26 2.50 2.12 2.48 2.18PET [in]
Available -0.72 1.22 0.38 2.89 2.12 
-1.84
water [in]
Change in -0.67 0.67 0.00 0.00 0.00 
-1.47
storage [in]
Actual ET 2.44 2.26 2.50 2.12 2.48 1.81[in]
Jul. Aug. Sep. Oct. Nov. Dec.
Adjusted 2.50 2.34 2.42 2.50 2.13 2.51PET [in]
Available Available -1.52 1.15 0.90 0.63 5.18 0.23
water [in]
Change in
-0.75 1.15 0.90 0.17 0.00 0.00
storage [in]
Actual ET 1.73 2.34 2.42 2.50 2.13 2.51[in]
A.15 Monthly percolation
The monthly percolation is given in Table A. 14.
For I-PET < 0: PERC = 0
For I-PET > 0: PERC = (I-PET- AST)
Table A.14: Monthly percolation
Jan. Feb. Mar. Apr. May Jun. Tot.
Monthly
Percolation 0.00 0.54 0.38 2.89 2.12 0.00
[in]
Jul. Aug. Sep. Oct. Nov. Dec.
Monthly
Percolation 0.00 0.00 0.00 0.46 5.18 0.23 11.8
[in]
APPENDIX B: LIST OF CONTACTS
Table B.1: List of Contacts
Contact Email
Jean Pierre Nshimyimana njepie2001 @yahoo.fr




GIS Center in Butare
Gaspard Rwanyiziri grwanyiziri@yahoo.fr





Water and Sanitation experts
John Willi Walz willichurasco@yahoo.fr
Jean Bosco Bayakure bbavakure@yahoo.fr
